The optical integrity and the metabolism of the eye depend on the exchange of substances between the blood vessels of the eye and the ocular chambers. The present paper considers the exchange of 3 ions in particular, i.e., sodium, chloride and bicarbonate, in the eye, with particular reference to the role of diffusion and active transport in determining the ionic composition of the various ocular fluids. Constituents of the plasma move into and out of these chambers across bounding membranes which offer degrees of resistance which vary from substance to substance and from place to place within the eye. Once within the ocular chambers, movement by flow is nondiscriminatory and that by diffusion is dependent only on molecular mobility. The main regions of transport from the blood to the intraocular chambers are: (1) the epithelium of the ciliary processes (fig. 1); (2) the capillary walls and epithelium of the iris (fig. 2) ; and (3) some of the retinal layers such as the external limiting membrane and Bruch's membrane ( fig. 3 ).
THE TRANSPORT of substances from the blood vessels of the eye into the ocular chambers maintains the pressure necessary for optical integrity and provides for the metabolic requirements of the avascular structures within. An increase in volume of fluid transported with a constant resistance to outflow, or an increase in resistance to outflow with a constant rate of flow raises the intraocular pressure and may result in glaucoma. Conversely, a decrease in the volume of fluid entering the eye against a constant resistanee, or a reduction in the resistance to outflow at constant volume of flow results in ocular hypotension.
Constituents of the plasma move into and out of these chambers across bounding membranes which offer degrees of resistance which vary from substance to substance and from place to place within the eye. Once within the ocular chambers, movement by flow is nondiscriminatory and that by diffusion is dependent only on molecular mobility. passage of substances through the barriers lying between the blood and the aqueous and vitreous humors, their compositions vary from each other and from that of the blood (table 1) .1
There is bulk flow of fluid from the ciliary processes into the posterior chamber and out through the lens-iris space into and through the anterior chamber where it leaves the eye through the trabecular meshwork at the angle formed by the iris and cornea.
Movement occurs also by diffusion within the posterior and anterior chambers, between the posterior chamber and the lens and vitreous humor, and between the anterior chamber and the lens and cornea. Also, there is probably an active exchange into and out of both the cornea2 and the lens. 3 The structures involved are shown in the cross-sectional view of the anterior segment of a human eye (fig. 4 ).
I will stress chiefly the movement of the 3 physiologically important ions, Na, Cl, and HCO3, from the blood into and between the posterior chamber, anterior chamber, and the vitreous body of rabbits. Quantitative determination will be made of the proportion of each ion which enters the different parts of the eye by active secretion and by diffusion; the ionic composition of the secreted fluid will be estimated from the coefficients so determined. The quantitative approach employed applies to the study of the transport of other ions and nonelectrolytes into the ocular chambers, and to movement in and out of the lens and cornea. Space limitations preclude a detailed description of movement in these latter structures and an account of the effect of Trhc ineehaniismii of formation of the fluid in the posterior ehaiiiber hals beets the subject of speculationi. A decade ago the author8 proposed a unified concept of a(queous iu mohu dynamies, the so-ealleti "secretiou-diffusion tlheory.'' It was suggested that the mnovemtienit of conastituents of plasnma in:to the posterior chamber inivolved ani electron trausport or redox punlp) which1 resulte(I in the productioni of unbalanieed hydroxyl ions and the simnultaneous diffusioni of all coinstituenits of plasima into and out of the posterior chlaimber. Figure   ( Republisl eye, it is hoped that the followillg considerations will do more than push our limits of ignorance from the posterior chamnber into the infoldings of the cell membranes of the ciliary epithelium! A hypothesis consonant with the studies referred to above is that fluid is formed in the epithelium of the ciliary processes, rather than in the posterior chamber, and that it is this fluid which flows into the posterior chamber as a result of a "secretory pressure" or, alternately, emerges as a "package," e.g., by pinocytosis. I . portion of ions transported by diffusion and flow. We also have made an estimate of the ionic composition of the secreted fluid as it emerges from the cells of the ciliary processes into the posterior chamber.
With respect to the anterior chamber, the proportions of the Na and Cl which enter as a result of flow from the posterior chamber and by diffusion across the iris vessels have also been calculated.
Posterior and Anterior Chambers
The major factors which control the aecumulation of a substance in the posterior chamber are:
1. The concentration in the secreted fluid.
2. The rate of flow of the secreted fluid into the posterior chamber.
3. The rate of flow of the aqueous humor from the posterior chamber to the anterior chamber. 4 . The rate of diffusion between blood and posterior chamber.
5. The rate of diffusion between posterior chamber and vitreous humor and lens.
The proportion of the total amount of any substance entering the posterior chamber by diffusion and flow can be approximated from an analysis of the time course of entrance of the substance from the blood, and the ratio -of concentrations in aqueous and plasma at steady state, if the rate of loss by flow to the anterior chamber and by diffusion to the lens and vitreous is known. One of the difficulties in the mathematical analysis of experinlental data involving the transfer of substances into the posterior chamber arises from the fact that the concentration of a test substance in the blood (e.g., an isotope) is seldom constant throughout the time of observation. A more serious complicating factor stems from the difficulty of estimating the loss of the test substance to the vitreous and lens.* *About one-tenth as much sodium and chloride is lost to the lens as to the vitreous humor, and since the mathematical model to be described is only an approximation of the geometry of the eye, I will refer only to the loss to the vitreous hereafter. the vitreous, and with a cross-sectional area equal to that of the interface between the posterior chamber and the vitreous. As illustrated in figure 6 , discrete stations were chosen at equally spaced points throughout the vitreous. The major factors which control the accumulation of a substance in the anterior chamber are:
1. The concentration of a substance in the fluid flowing from the posterior chamber.
2. The rate of flow of the fluid in and out of the anterior chamber.
3. The rate of diffusion between blood aild anterior chamber. If we neglect flux to the cornea, the accumulation of a substance in the anterior chamber is described by equation (3): dCa kfka (ChCa) +kdpa(Cp-Ca). (3) dt The equation says that the rate of change of concentration of any substance in the anterior chamber is equal to the flow rate times the difference in concentration between that existing in the posterior and anterior chambers, plus the diffusion rate times the difference in concentration of the substance present in the plasma water and the effective concentration in the anterior chamber.
All of the terms are known except the diffusion rate between plasma and the anterior chamber, and it is this which will be evaluated.
The rates of accumulation of Na24 and C136 in the posterior and anterior chambers of the eye of the rabbit following the parenteral administration of these substances are shown in figures 8 and 9; the concentrations of Na24 and C136 in the plasma are also shown. The lines through the points were plotted by means of the analog computer, using the numerical values for the terms of equations (2) Approximately equal quantities of Na enter the anterior chamber by flow from the posterior chamber and by diffusion through the iris vessels. Significantly more Cl enters by diffusion than by flow. The difference in the magnitude of the diffusion rates for Na and C1 is approximately proportional to their diffusion rates in water. The turnover rates in the anterior chamber are 2.6 per cent and 3.1 per cent per minute for Na and Cl, respectively.
The rate of accumulation of total C0228 fol_ lowing its parenteral administration is showni in figure 10 . so rapidly that the rate of penetration cannot readily be determined. Dr. Reddy and I believe that the explanation for the apparent rapid turnover rate of bicarbonate lies in the fact that the turnover of total CO2 between plasma and aqueous humor, as determined by isotopically labeled bicarbonate, involves not only the entrance of total CO2 contained in the secreted fluid, but the separate rates of diffusional exchange across the blood-aqueous barriers of free C02, bicarbonate ion, and undissociated carbonic acid. Unlike the situation for Na and Cl, the characteristics of the blood-aqueous barriers are not the sole factors controlling the turnover rate. For the bicarbonate system, the rate of conversion of CO2 to HCO3 also influenees the turnover rate.
Normally, free CO2 diffuses rapidly from the blood across the stroma and epithelium of the ciliary processes or, in the instance of the anterior chamber, through the iris vessels. In transit, labeled CO2 exchanges for unlabeled CO2 where the former is hydrated to form labeled HCO3. The bicarbonate ion, in effect, becomes "trapped" in the aqueous humor to the extent that its diffusibility into the blood is less than that of free CO2. Catalyzed by carbonic anhydrase, the conversion of labeled CO2 to labeled HCO3 probably occurs at a very rapid rate in normal animals. This reactioni has the effect of reducing the concentration of labeled CO2 available to diffuse back to the blood. The trapping action tends to maintain the gradient of free C1402 between Circulation, Volume XXI, May 1960 blood and aqueous close to that prevailing initially until the total labeled CO2 has almost reached steady state level.
Green and Sawyer,29 who have performed similar studies on the accumulation of HCO3 in the aqueous, take a different view and believe that it is the bicarbonate ion itself which penetrates rapidly to the posterior chamber and that the conversion of CO2 to HCO3 does not contribute appreciably to the bicarbonate concentration in the aqueous humors. The present author finds it difficult to understand why the bicarbonate ion, which is larger than Cl and has the same charge and solubility characteristics, could enter the posterior chantber at least 10 times as rapidly as Cl. It should be noted, too, that administration of acetazoleamide 15 minutes prior to giving labeled HCO328 decreases the rate of accumulation of total CO2 by at least 10-fold-an effect readily explicable by the known inhibiting properties of this compound on the hydration of CO2. In other words, the acetazoleamide suppresses the turnover through interferenee with the trapping mechanism.
The rate of accumulation of total labeled CO2 in the aqueous humor of the anterior chamber is much lower than in the posterior chamber, but it is relatively more rapid than that of Na and Cl. Because the accumulationi of total CO2 in the anterior chamber, like that in the posterior chamber, depends on the separate rates of entrance of CO2 and HCO3 and also on their rates of interconversion, the rate of penetration of the bicarbonate ion itself remains unknown.
While the turnover rate of HC1403 in the posterior chamber was too rapid to permit Table 5 shows the estimated ionic composition of the fluid secreted into the posterior chamber. For comparison, the composition of the aqueous humor of the posterior chamber and plasma as obtained analytically is also shown.
The concentration of the constituents of the secreted fluid differs from the concentrationof the constituents of the plasma still more than does that of the posterior chamber, the In calculating the concentration of Na and Cl in the secreted fluid, the assumption has also been made that the concentration of each ioln is a constant linear function of its concentration in the plasma. This saine assumuption has been made tacitly in calculating the turnover rates of substances in the anterior chamber from data which show their rates of accumulation without taking into account the concentration of the substanee present in the posterior chamber. The assumnption introduees an error in these calculations because the concenitration in the posterior chamber, like that in the anterior chamber, rises gradually and at times may actuallv reduce the concentration in the anterior chamber; e.g., see figure 8 for time Circulation, Vclume XXI, May 1960 ing an active transport mechanism for water is obviated.
Vitreous Humor
As stated previously, the solution of the system of simultaneous differential equations describing the loss of Na and Cl to the vitreous not only permits the determination of the total loss of the labeled ions from the posterior chamber, but also provides quantitative information concerning the rate of filling of each of the several compartments of the vitreous. The lower pair of curves of figure 13 represents the filling of the posterior chamber; the lines lying above these curves show the filling of the first, second, seventh and tenth compartments, in that order. The differences in the rates of filling the various portions of the vitreous illustrate the effect of lack of mixing. Figure 14 Figure 15 The percentage of the total amount of Na24 (broken line) and C136 (solid line) expected to be lost from the posterior chamber to the vitreous at various times. The figure 15 . The difference between the dot-dash line, i.e., rate of loss to the vitreous, and the broken line presumably repreCirculation, Volume XXI, May 1960 senits exchange through the retina, and corresponds to the results obtained by Maurice.22 Movement of ions into and out of the vitreous has beenl shown to occur at an appreciable rate; such movement not only greatly affects the rate of accumulation of these ions in the aqueous of the posterior chamber, but together with movement of other substances, undoubtedly serves a metabolic function as well.
Conclusion
Ions enter the posterior chamber of the eye unidirectionally by bulk flow of a "secreted fluid" from the ciliary epithelium and bidirectionally across the epithelium by diffusion. Approximately two-thirds of the Na enters unidirectionally compared with less than one-third of the Cl. Bicarbonate also penetrates the posterior chamber by both 985 KINSEY mechanisms, but because of the extremely rapid, but unknown, rates of diffusional exchange of CO2 and subsequent hydration the proportion which enters by each means cannot readily be determined.
There is a similar dual mode of entrance of ions into the anterior chamber; they enter by flow from the posterior chamber and by diffusion across the iris vessels. Half of the Na and approximately one-third of the Cl enter the anterior chamber by flow. No conclusions could be drawn concerning the relative amounts of bicarbonate entering the anterior chamber by flow and diffusion, but the rate of accumulation of total CO2 is more rapid than that of Na or Cl.
The concentration of the various ions in the secreted fluid differs more from the concentration of these ions in the plasma than does that of the aqueous humor of either the posterior or anterior chambers. The fluid appears to consist, in the rabbit, chiefly of NaHCO3 and NaCl; the concentration of HC03 was estimated to be almnost 4 times that found in plasma.
The mode of formation of the secreted fluid is not known, but the probable hypertonicity of the fluid indicates that the mechanism involves a sodium pump and probably a diffusional transport of water as a result of osmotic forces.
There is a diffusional movement of ions between the posterior chamber and the vitreous humor which for Na and Cl is roughly equal in magnitude to the diffusional movement which occurs between the vitreous humor and plasma.
